Abstract Purpose: We explored the mechanisms leading to the distinct overexpression of EPOR as well as the effects of EPO signaling on ETV6/RUNX1-positive acute lymphoblastic leukemias. Experimental Design: ETV6/RUNX1-expressing model cell lines and leukemic cells were used for real-time PCR of EPOR expression. Proliferation, viability, and apoptosis were analyzed on cells exposed to EPO, prednisone, or inhibitors of EPOR pathways by [ 3 H]thymidine incorporation, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay, and Annexin V/propidium iodide staining. Western blot analysis was done to detect activation of signaling proteins. Serum EPO levels and sequences of the EPOR (n = 53) as well as hemoglobin levels were taken from children with acute lymphoblastic leukemia enrolled in Austrian protocols. Results: We show here that ectopic expression of ETV6/RUNX1 induced EPOR up-regulation. Anemia, however, did not appear to influence EPOR expression on leukemic cells, although children with ETV6/RUNX1-positive leukemias had a lower median hemoglobin than controls. Exposure to EPO increased proliferation and survival of ETV6/RUNX1-positive leukemias in vitro, whereas blocking its binding site did not alter cell survival. The latter was not caused by activating mutations in the EPOR but might be triggered by constitutive activation of phosphatidylinositol 3-kinase/Akt, the major signaling pathway of EPOR in these cells. Moreover, prednisone-induced apoptosis was attenuated in the presence of EPO in this genetic subgroup. Conclusions: Our data suggest that ETV6/RUNX1 leads to EPOR up-regulation and that activation by EPO might be of relevance to the biology of this leukemia subtype. Further studies are, however, needed to assess the clinical implications of its apoptosis-modulating properties.
The t(12;21)(p13;q22) with its molecular counterpart, the ETV6/RUNX1 (also known as TEL/AML1) fusion gene, is present in f25% of childhood B-cell precursor (BCP) acute lymphoblastic leukemia (ALL) and generally implies a good prognosis (1, 2) . Accumulating evidence suggests that the fusion gene formation occurs already in utero based on its presence at birth in the majority of children with ETV6/ RUNX1-positive ALL (3). The cell, however, in which the fusion gene originates is not known, but it is presumably at a progenitor stage preceding the transition from pro-B to pre-B (4, 5) . Based on studies in healthy newborns and animal models, the fusion gene alone is not sufficient for the clinical manifestation of the leukemia, which requires secondary events (4, 6 -10) .
Gene expression profiling has been employed to characterize the different genetic subgroups of leukemias (1, 11) . By this means, a relatively high expression of EPOR was found to distinguish the ETV6/RUNX1-positive leukemias from the other subgroups of ALL. It was therefore assumed that signaling by EPOR might be important for the pathogenesis of this leukemia subtype (11) .
Expression of the EPOR and its activation by EPO has, for a long time, been exclusively associated with the erythroid lineage in which EPOR signaling is pivotal for differentiation, proliferation, and survival of progenitor cells (12, 13) . Over the last years, it has become well established that the EPOR is also expressed in many normal and malignant tissues, suggesting a potential influence on cell survival (12, 13) . This fact turned out to be an important issue when recombinant human EPO became available for clinical use to alleviate cancer-associated anemia and its side effects. Consequently, many in vivo and in vitro studies have been initiated to explore the effect of EPO on its apoptosis-modulating function in tumor cells. These efforts have led to contradictory results, potentially reflecting distinct biological features and activated pathways of the different malignancies (12, 13) .
The signaling cascade triggered by EPO has been widely studied in the erythroid lineage. On engagement of EPO with its receptor, Janus kinase 2 is activated, which, in turn, phosphorylates the EPOR. The ensuing signaling cascade includes the STAT5, mitogen-activated protein kinase, and phosphatidylinositol 3-kinase (PI3K)/Akt pathways conferring proliferative and antiapoptotic function (12, 13) . At present, there is only little information on the signaling pathways affected by the EPOR in leukemia cells.
Herein, we provide first evidence that the EPOR is expressed as a function of the ETV6/RUNX1 fusion protein. EPO promotes proliferation of ETV6/RUNX1-positive leukemias and interferes with prednisone-induced apoptosis in vitro. The PI3K/Akt pathway appears to be involved in the observed EPO-mediated survival advantage.
Materials and Methods
Leukemic cells and cell culture. REH, AT-1, and AT-2 (ETV6/RUNX1-positive BCP leukemia cell lines), (AT-1 and AT-2 were kindly provided by J.D. Rowley, University of Chicago), Nalm6 and SEM (both BCP ALL), K562 (erythroid blast crisis of chronic myeloid leukemia), and Jurkat (T-ALL) cells were cultured in RPMI 1640 with Glutamax (Life Technologies/Invitrogen) supplemented with 10% heat-inactivated FCS, 100 IU/mL penicillin, and 100 g/mL streptomycin (all PAA).
Mouse pro-B Ba/F3 cells were grown in RPMI 1640 containing 10% FCS and 5% WEHI-3B conditioned medium as a source for interleukin-3. Stably ETV6/RUNX1-expressing Ba/F3 clones and empty vector controls were established as reported previously (14) .
HEK 293 cells, transformed human embryonic kidney cells, were grown in RPMI 1640 containing 10% FCS. ETV6/RUNX1 cDNA was inserted into a pcDNA3.1-myc expression vector (Invitrogen). Stably expressing ETV6/RUNX1 clones were obtained after single-cell dilution and clonal expansion of transfected and G418 (900 Ag/mL)-selected cells.
Primary leukemic cells were obtained from bone marrow aspirations from children with ALL. Written informed consent was obtained from the patients or their parents. The study was approved by the ethical committees of the Children's Cancer Research Institute and the St. Anna Kinderspital. Cells were isolated by density-gradient centrifugation before further processing. For positive selection, mononuclear cells containing >95% of leukemic blasts were incubated with anti-CD10 FITC antibody (DakoCytomation) followed by incubation with anti-FITC magnetic beads and magnetic field separation using MACS separation columns (Miltenyi Biotec) according to the manufacturer's recommendation and cultured within 4 h after aspiration in IMDM with 20% FCS, 100 IU/mL penicillin, and 100 g/mL streptomycin at 37jC in 5% CO 2 in a humidified incubator.
For stimulation with growth factors and treatment with pathway inhibitors, cells were washed in PBS and serum-deprived overnight in RPMI 1640 containing 0.1% bovine serum albumin (Invitrogen). The PI3K and Jak kinase inhibitors Ly294002 and AG490 (Calbiochem) were used at 25 and 10 Amol/L concentrations, respectively. To assess cell proliferation and viability, cells were plated in triplicates at a density of 1 Â 10 5 to 2 Â 10 5 in flat-bottomed 96-well plates (Iwaki) in 100 AL RPMI 1640 without supplements and stimulated with different concentrations of EPO (10-100 units/mL; Neorecormon; Roche). The monoclonal anti-human EPOR antibody MAB307 (R&D Systems), which binds to the extracellular part of the EPOR and was shown to block specifically EPO-mediated effects, was used as a blocking antibody at a concentration of 30 Ag/mL as reported previously (15) . Exposure to drugs was done as described above in the presence of 10% FCS with the addition of prednisone (Solu-Dacortin; Merck) in LC 50 concentrations (REH, 1 mg/mL; AT-1 and AT-2, 1 Ag/mL; Nalm6 and SEM, 0.5 mg/mL; primary leukemia cells, 50 Ag/mL).
SDS-PAGE and Western blot analysis. Whole-cell lysates were prepared with radioimmunoprecipitation assay buffer (50 mmol/L Tris, 1% NP-40, 0.25% sodium deoxycholate, 150 mmol/L NaCl, 1 mmol/L EDTA) supplemented with 1 mmol/L NaVO 4 and 1% protease inhibitor cocktail (Roche) as described previously (14, 16) . For equal loading, the protein concentration of each sample was determined by Bio-Rad protein assay kit. Proteins were resolved by 8% SDS-PAGE and transferred to a polyvinylidene difluoride membrane (Whatman). Nonspecific binding on the membranes was blocked with PBS containing 5% dry milk. The membranes were probed with antibodies specific for phospho-AKT, AKT (Cell Signaling Technology), poly(ADP-ribose) polymerase (PARP; C210; Becton Dickinson), and glyceraldehyde 3-phosphate dehydrogenase (6C5; Santa Cruz Biotechnology) or tubulin (DM1A; Calbiochem) in 1% dry milk in PBS at 4jC overnight. Using infrared dye-labeled secondary antibodies (LI-COR Biosciences), the membranes were directly scanned with Odyssey Infrared Imaging System (LI-COR Biosciences). Bands were quantified using LI-COR Odyssey Software.
Proliferation, viability, and apoptosis assays. Cells were cultured as described above with different agents for 48 h. [ In 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assays, a 5 mg/mL stock solution of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (20 AL; Sigma) were added according to the times indicated. After 3 to 5 h, 100 AL stop solution [10% SDS and 50% formamide (pH 4.7) with acetic acid] was added to dissolve formazan crystals. The absorbance was read at 562 nm in a microplate reader. To assess survival of cells, the mean value of cells cultured with the respective agent was divided by the mean value of control cells Â 100%.
The presence of early and late apoptotic cells was determined by flow cytometry (FACSCalibur; BD Biosciences) with anti-Annexin V FITClabeled antibody (BD Pharmingen) and propidium iodide. Cells were washed in 10 mmol/L HEPES (pH 7.4), 140 mmol/L NaCl, and 2.5 mmol/L CaCl 2 . Antibody and propidium iodide were added and incubated for 15 min in the dark before analysis. All experiments were done in triplicates and reproduced at least three times in independent experiments.
Translational Relevance
The data presented here suggest that the EPOR is overexpressed as a function of ETV6/RUNX1 in BCPALL with a chromosomal translocation t(12;21). EPOR signaling promotes survival and evasion from prednisone-induced apoptosis in ETV6/RUNX1-positive leukemias in vitro.
Recent developments in the treatment of cancer-related anemia by recombinant erythropoietin and its consequences have raised concerns about the safety and potential adverse effects of the drug, such as the promotion of tumor growth. The data provided here suggest that although signaling via EPOR is not pivotal for the overt leukemia, as exemplified in cell lines and a limited number of primary leukemic cells, it may enhance proliferation and survival of ETV6/RUNX1-positive leukemic cells. Moreover, EPO mitigated the apoptosis rate induced by prednisone, an essential drug in virtually all treatment protocols for ALL, in ETV6/RUNX1-positive leukemias in vitro. Of note, the concentrations of EPO used in our experiments exceed those reached under physiologic conditions. Such considerations may, however, not be relevant in situations when erythropoiesis-stimulating agents are applied to the patients given the chance that EPO levels might differ considerably from normal. EPO analyses in patients receiving erythropoiesis-stimulating agents are currently still missing.
Sequencing of the EPOR gene. Genomic DNA was isolated with QIAamp DNA Blood Mini Kit (Qiagen). Specific primers for exons 2 to 4 and 6 to 8, located at the respective flanking intronic sequences, were used for amplification.
The nucleotide sequence of the EPOR was determined by sequencing analysis (VBC Genomics) and compared with public database sequences. 4 EPO serum levels and EPOR mRNA quantification. The EPO serum levels were determined by an automated chemiluminescent immunoassay (DPC Immulite; ref. 17) .
Random hexamer priming and SuperScript II (Invitrogen) were used to generate cDNA. Quantification of EPOR mRNA abundance in primary leukemias was done as reported previously (11) . h 2 -Microglobulin was used for endogenous control gene amplification. The quantitative PCRs were done in a total volume of 25 AL containing 12.5 AL TaqMan Universal PCR Master Mix (Applied Biosystems), 200 nmol/L forward and reverse primers each, and 100 nmol/L Taqman probe. The reactions were carried out on an ABI Prism 7700 Sequence Detection System (Applied Biosystems).
For amplification of EPOR mRNA expression in cell lines, SYBR Green PCR was done. Primers and conditions were the same as for TaqMan PCR. For murine cell lines, the following EPOR and HPRT (for control amplification) primers were used: EPOR forward 5 ¶-GCC-CCCTCTGTCTCCTACT-3 ¶, EPOR reverse 5 ¶-TCCCAGAAACACACCAA-GTCTT-3 ¶, HPRT forward 5 ¶-GGGGGCTATAAGTTCTTTGC-3 ¶, and HPRT reverse 5 ¶-TCCAACACTTCGAGAGGTCC-3 ¶.
Blood counts including measurement of hemoglobin (Hb) from patients was analyzed by Advia 120 Hematology System (Bayer).
Statistical analysis. Differences of Hb levels in various leukemia subgroups were assessed by the Wilcoxon two-sample test. The Welch t test was used to analyze the increase in EPOR mRNA expression in cells stably transfected with ETV6/RUNX1, proliferation assays, and cell viability assays. Probability values (P < 0.05) were considered statistically significant.
Results
ETV6/RUNX1 induces up-regulation of EPOR mRNA expression. Based on the high expression of the EPOR in ETV6/ RUNX1-positive leukemias, we assessed whether EPOR is upregulated as a result of the fusion gene expression. Stably ETV6/ RUNX1-expressing clones of human embryonic kidney HEK 293 cells and murine pro-B Ba/F3 cells showed a 2-to 3.5-fold difference in mRNA expression compared with empty vector controls (Fig. 1A) .
Next, we determined the expression levels of EPOR in our model cell lines. In line with data by Fine et al. (11) , quantification of mRNA revealed that the EPOR is highly expressed in all ETV6/RUNX1-positive BCP ALL cell lines but barely detectable in the ETV6/RUNX1-negative BCP and T-ALL cell lines (Fig. 1B) . Jurkat was used for normalization and K562 was used as a positive control for EPOR overexpression. We further evaluated whether these transcriptional differences between ETV6/RUNX1-positive and ETV6/RUNX1-negative leukemias would also be detectable at the protein level. Because lack of specificity of several EPOR antibodies cautions its usage for Western blotting (18, 19) , the directly labeled EPOR antibody (MAB307-PE), which competes with EPO for the binding to its receptor (20) , was used for surface protein detection by flow cytometry. There was, however, no clear difference between ETV6/RUNX1-positive and ETV6/RUNX1-negative leukemias (data not shown) possibly due to generally low abundance of EPOR expression on the cell surface (19) .
Low Hb is associated with the ETV6/RUNX1 genetic subtype of ALL. We also considered the possibility that, in ETV6/RUNX1-positive leukemias, EPOR expression is, to some extent, further influenced by other factors known to up-regulate the receptor (21), as, for example, hypoxemia, the fundamental physiologic stimulus that causes a rapid increase in renal production of EPO (22) . It was thus assessed whether children with ETV6/ RUNX1-positive ALL have lower Hb levels than those with other subgroups of BCP ALL. For this purpose, 476 patients with BCP ALL, who were consecutively registered in the Austrian BFM 95 and 2000 studies (23, 24) , were included. BCP leukemias were grouped in ETV6/RUNX1-positive cases, leukemias with a high hyperdiploid chromosome number (subsequently designated as hyperdiploid leukemias), and ''others'' (n = 150, 137, and 189, respectively). The latter are characterized by the lack of the previous group characteristics. As shown in Fig. 2A , the median Hb level of children with ETV6/RUNX1-positive ALL is significantly lower (P < 0.001) Fig. 3 .
. D, differences in the metabolic status of cells used to assess cell viability (%) was determined in ETV6/RUNX1-positive (E/R+) and ETV6/RUNX1-negative (E/R-) primary leukemias by 3-(4,5-dimethylthiazol-2-yl) -2,5-diphenyltetrazolium bromide assay after exposure to EPO (50 units/mL) for 72 h. Leukemic cells were isolated and cultured within 4 h after bone marrow aspiration. *, P < 0.05; **, P < 0.01. compared with those with hyperdiploid and ''other'' leukemias, whereas the difference between the latter two groups is not significant (P = 0.77). Next, we confirmed that for this particular genetic subgroup of leukemias, Hb and EPO are inversely correlated (Fig. 2B) , indicating that EPO production is adequate for the Hb level, a finding that has been reported previously for genetically undefined cases of childhood ALL (25) . This allowed us to use Hb levels as a readily available correlate for the amount of EPO in the serum. Hence, to evaluate an influence of EPO on its receptor expression, patients were selected according to their Hb level to fit into one of the three arbitrarily chosen groups (Hb levels 3-5, >5 to 8, and >8 to 15 g/dL). This approach should enable the analysis of a wide range of physiologic EPO concentrations in the serum (0.01-10 units/mL). As illustrated in Fig. 2C , the amount of EPOR mRNA did not change as a function of Hb, supporting our view that EPO does not play a major role in EPOR mRNA up-regulation in ETV6/RUNX1-positive leukemia.
EPOR
Lack of activating mutations of the EPOR in ETV6/RUNX1-positive leukemias. Based on the observation that overexpressed receptor kinase genes (e.g., FLT3, C-KIT, and NOTCH1) are frequently constitutively activated by mutations in acute Fig. 4 . EPO attenuates prednisone-induced apoptosis in ETV6/RUNX1-positive leukemias. A, apoptosis rates were determined by Annexin V/propidium iodide staining in REH cells cultured for 48 and 72 h in the presence of prednisone (Pred ; 1mg/mL) and EPO (50 units/mL). The percentage of viable, Annexin V-positive/propidium iodide-positive cells is depicted. Mean F SD of four experiments. Evasion from prednisone-induced apoptosis by EPO in AT-1and AT-2 cell lines (B), Nalm6 and SEM (C), and ETV6/RUNX1-positive and ETV6/RUNX1-negative primary leukemias (D and E). Cells were exposed to prednisone (50 Amol/L) in the presence and absence of EPO (50 units/mL) and viability was assessed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay after 72 h. The increase in cell viability by EPO is indicated in percentage. Mean F SD from triplicates (in cell lines, one of three independent experiments, in primary leukemic cells from one experiment). *, P < 0.05; **, P < 0.01. (26 -28) and that activating mutations of the EPOR are present in polycythemia vera (29), we evaluated whether such mutations would also occur in ETV6/RUNX1-positive ALL. Exons 2, 3, and 6 to 8 of the EPOR were chosen for sequencing based on their functional importance and the presence of previously identified mutations in these regions (29, 30) . As no genomic variations in the EPOR sequence were, at least in the dominant clone of the leukemic population, detected in ETV6/ RUNX1-positive leukemias (primary leukemias, n = 53; leukemic cell lines, n = 3), we assume that activating mutations are rarely present in these leukemias, if they occur at all.
EPO enhances proliferation of ETV6/RUNX1-positive leukemias and attenuates the sensitivity to prednisone-induced apoptosis in vitro. After that, we evaluated whether the overexpression of EPOR provides a proliferative or survival advantage to ETV6/RUNX1-positive leukemias. REH was compared with Nalm6, an ETV6/RUNX1-negative BCP leukemia cell line. Cells were cultured under reduced serum conditions in the presence of different doses of EPO for 72 h. REH cells exhibited a dose-dependent increase in proliferation on addition of EPO (Fig. 3A) , whereas Nalm6 did not (Fig. 3B) . Specificity of these effects was confirmed by an anti-EPOR blocking antibody, which abrogates EPO-induced effects, as shown in Fig. 3C . Enhanced viability by EPO was also observed in two ETV6/RUNX1-positive primary leukemias but in none of the three ETV6/RUNX1-negative cases (Fig. 3D) . Collectively, these data suggest that the EPOR conveys a survival advantage in ETV6/RUNX1-expressing leukemic cells.
It has been reported previously that EPO may modulate the response of malignant cells to drugs (12, 13) . We therefore explored the effects of EPO on drug-induced apoptosis in REH cells as a model system. Different drugs (prednisone, vincristine, Fig. 5 . EPO reduces PARP cleavage in ETV6/RUNX1-positive leukemias exposed to prednisone. PARP cleavage was determined by Western blot analysis in AT-2, REH, Nalm6, and SEM cells after exposure to prednisone and EPO for the indicated times. Glyceraldehyde 3-phosphate dehydrogenase was used as loading control. PARP cleavage was normalized to glyceraldehyde 3-phosphate dehydrogenase and values are shown as n-fold expression at the bottom of the graph. (Fig. 4A ). This effect was Jak dependent, because AG490, a Jak kinase inhibitor, completely abolished the effects of EPO by blocking the direct downstream signaling proteins of EPOR (data not shown). A survival advantage by EPO was also reproduced in two other ETV6/ RUNX1-positive leukemic cell lines, AT-1 and AT-2, by 12% to 14% (Fig. 4B) . AT cell lines are, similar to the majority of ETV6/ RUNX1-positive primary leukemias (32) but unlike REH cells, sensitive to glucocorticoids. In the ETV6/RUNX1-negative BCP cell lines Nalm6 and SEM, EPO had no effects on prednisoneinduced apoptosis (Fig. 4C) . The alleviation of glucocorticoidinduced apoptosis by EPO was also confirmed in primary ETV6/ RUNX1-positive leukemias. To exclude a possible effect of normal EPO-responsive erythroid progenitor cells, which might be present in density-gradient separated mononuclear cells, highly purified (CD10 + ) primary leukemic blast cells were prepared for these experiments. One of the two ETV6/RUNX1-positive leukemias (patient ID 704) was responsive to glucocorticoid concentrations used for in vitro experiments and displayed a reduced prednisone-induced apoptosis in the presence of EPO (Fig. 4D) , whereas the other (patient ID 685) did not respond at all. There was no EPO-mediated influence on ETV6/RUNX1 -negative leukemias (n = 3) detectable (Fig. 4E) . Of note, all leukemias used for these experiments had a good prednisone response in vivo. It is therefore concluded that EPOR signaling may lead to an increased survival of ETV6/RUNX1-positive leukemia cells when exposed to prednisone in vitro.
EPOR Expression in ETV6/RUNX1-Positive
For glucocorticoid-induced apoptosis, the engagement of caspases that cleave substrates at aspartate residues is required (33) . We consequently tested whether the EPO-mediated rescue from glucocorticoid-induced apoptosis can be visualized by cleavage of caspase-3 or its downstream target PARP. As shown in Fig. 5 , PARP cleavage was reduced by 30% to 50% in AT-2 and REH cells, but not in Nalm6 and SEM cell lines, when EPO was added to the culture medium. We did, however, not detect caspase-3 activation (data not shown), which suggests that probably another effector caspase mediated apoptosis in these cells, as has been reported recently (33) .
EPO signals via the PI3K/Akt pathway in ETV6/RUNX1-positive cell lines. In a next step, we set out to identify the pathways that are involved in the EPOR-mediated survival advantage. Despite the fact that extracellular signal-regulated kinase 1/2 and STAT5 are commonly activated in erythroid progenitor cells on stimulation with EPO but also in many other cells (13) , neither of the two pathways was activated in REH cells (data not shown). Further, PI3K and nuclear factornB signaling, implicated in glucocorticoid-mediated apoptosis (33), were evaluated. On addition of EPO, the PI3K pathway was activated in all three ETV6/RUNX1-positive cell lines (Fig. 6) , whereas a strong EPO-independent phosphorylation of the p65 nuclear factor-nB subunit, a prerequisite for the activation of the pathway, indicates that the nuclear factor-nB pathway was constitutively activated (data not shown). These results imply that activation of the PI3K/Akt pathway is most likely involved in the proliferative and antiapoptotic effects exerted by EPO.
Discussion
The overexpression of EPOR in ETV6/RUNX1-positive leukemias has become a well-recognized aspect of this leukemia subtype since its description by Fine et al. (11) . The underlying mechanisms, however, as well as the biological consequences for pathogenesis and implications for the clinic have not been investigated thus far. In this study, we provide first evidence that EPOR expression is up-regulated by ETV6/RUNX1. On engagement with EPO, signaling by the receptor exerts a proliferative stimulus and evasion from glucocorticoid-induced apoptosis in ETV6/RUNX1-positive leukemias. Low Hb levels of children at the time of diagnosis emerged as a new clinical feature for ETV6/RUNX1-positive leukemia. It did not result from lack of EPO production, which was appropriate for the degree of anemia. High EPO levels, however, did not translate into higher EPOR mRNA expression in leukemic cells.
The data presented here strongly suggest a fusion genedependent up-regulation of EPOR expression in model systems. Although a RUNX1 consensus binding site (TCTGGT) was found 300 bp upstream of the EPOR promoter region, we rather assume that EPOR up-regulation is an indirect effect of the fusion protein based on its proposed repressor function on RUNX1 target genes (34) . Support for the EPOR overexpression as a result of ETV6/RUNX1 in leukemias also results from siRNA-mediated silencing of the fusion gene in REH cells, which leads to down-regulation of the receptor. 5 Such a Research.
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We therefore considered the possibility that the cell in which the ETV6/RUNX1 fusion gene occurs first might be a progenitor cell with erythroid potential. Based on the proposed existence of a lymphoid-primed multipotent progenitor, which retains the potential for erythroid gene expression (35) , the overexpression of GATA2 and the transferrin receptor together with EPOR in ETV6/RUNX1-expressing leukemias would be compatible with such a model. 6 GATA2 is also highly expressed at the stem and progenitor cell stage (36) and might thus, alternatively, reflect the activation of a stem cell self-renewal program. The issue of an erythroid component in ETV6/RUNX1-positive leukemias has been addressed already before by Andersson et al. comparing leukemia signatures with those of normal hematopoietic cells (37) . These authors did, however, not detect overlapping gene expression with the erythroid lineage. A possible explanation for missing the erythroid lineage-associated genes that have emerged from our analysis may lie in the selection of the top 200 differentially regulated genes from the ETV6/RUNX1-positive leukemias for their analysis.
The finding of a significantly lower median Hb level in children with an ETV6/RUNX1-positive leukemia compared with other BCP ALL in this study is of particular interest for two reasons. First, it may mean that the erythroid lineage is affected by the fusion gene, as is the case for the structurally and functionally related fusion gene, RUNX1/RUNX1T1 (also known as AML1/ETO), resulting from the t(8;21) in acute myeloid leukemias (38) . In these leukemias, RUNX1/ RUNX1T1 leads to a differentiation arrest not only of the myeloid lineage but also of erythroid precursor cells, suggesting the transformation of a multipotent myeloid progenitor cell. These fusion gene-dependent changes are clinically apparent both in the fully leukemic and the myelodysplastic stage in patients as well as in mouse models (38) . In contrast, similar alterations of normal hematopoiesis may not be detectable in children with ETV6/RUNX1-positive ALL because normal hematopoiesis is virtually completely replaced by leukemic cells at the time of diagnosis. In mouse and zebra fish models for ETV6/RUNX1-positive leukemia, however, no evidence for a similar phenomenon has been described (8 -10, 39) , implying that, even if in humans the ETV6/RUNX1 fusion originated in a stem cell, differentiation of the erythroid lineage may not be impaired. Second, a low Hb in children with ETV6/RUNX1-positive leukemia might also influence EPOR expression in leukemic cells, in keeping with the up-regulation of the EPOR by its hormone (21) . As shown here, an increased serum EPO in children with low Hb did not result in a higher EPOR expression in leukemic cells compared with patients with normal Hb levels. These data exclude a major effect of the actual EPO levels on the expression of its receptor in these leukemias.
We further evaluated the influence of EPO on the fully leukemic cells. Although EPO led to a dose-dependent proliferation, cell growth and survival were not altered when the EPO-binding site of the receptor was specifically blocked. Constitutive activation of EPOR and its downstream kinase, Jak2, seems an unlikely cause for abrogating these effects because we and others did not detect mutations of these two genes in ETV6/RUNX1-positive leukemias (40, 41) . Instead, the PI3K/Akt pathway is constitutively activated in these leukemias, which could explain the lack of downstream effects on EPOR blockage (37, 42) . If the compensation for receptor signaling by a downstream molecule was also a potential scenario in vivo, the overexpression of EPOR may provide a survival advantage during leukemia development before the occurrence of this modification.
Recent developments in the treatment of cancer-related anemia by recombinant erythropoietin and its consequences have raised concerns about the safety and potential adverse effects of the drug, such as the promotion of tumor growth (12, 13) . The data provided here suggest that, although signaling via EPOR is not pivotal for the overt leukemia, as exemplified in cell lines and a limited number of primary leukemic cells, it may enhance proliferation and survival of ETV6/RUNX1-positive leukemic cells. Of particular interest, EPO mitigated the apoptosis rate induced by prednisone, an essential drug in virtually all treatment protocols for ALL (33) , in ETV6/RUNX1-positive leukemias in vitro. Importantly, this effect was not restricted to glucocorticoidresistant REH cells but was also reproduced in glucocorticoid-sensitive cell lines and leukemias. A potential limitation of our findings lies in the concentrations of EPO used in our experiments, which exceeds values reached under physiologic conditions (43) . These concerns may not be relevant in situations when erythropoiesis-stimulating agents are applied to the patients given the chance that EPO levels might differ considerably from normal. Such analyses are currently still missing.
Collectively, our data suggest that the EPOR is overexpressed as a function of ETV6/RUNX1. It promotes survival and evasion from prednisone-induced apoptosis in ETV6/ RUNX1-positive leukemias in vitro. Although we are tempted to speculate that EPOR signaling may provide an evolutional advantage during leukemia development, it is too early to judge whether our findings are of clinical relevance. In particular, we do not know whether EPO levels that may be reached during treatment with erythropoiesis-stimulating drugs would support the survival of the fully malignant clone or the sustained growth of preleukemic cells.
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